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A ram-jet engine with an experimental  48-inch-diemeter  conbustor 
was investfgated in a free- je t   faci l f ty .  The cambustor design ccq r i sed  
8 large-volume annular p i lo t  region and &z1 array of sloping baffle- or  

Fuel-air r a t i o  of about 0.037. To p r m t e  coziibustion efficiency at such 
low f'uel-air  ratios, a divided-flow system w a s  employed  which bypassed 
a portion of the engine air around the c&ustion  region. 

* gutter-type  flameholders. The ccdus tor  was intended to  operate  at  a 

Three c d u s t o r  length, three lengths of the shroud which separated 
the bypass air f ran the burning streem, and four  fuel-distribution  sys- 
tem were investigated over a mnge of fuel-air ra t ios  from 0.025 t o  
0.055 and a range of engine air  flows f r o m  40 t o  U O  pounds per second 
(combustor-outlet t o t a l  pressures from 500 t o  1800 lb/sq f t  abs). 

The highest  efficiencies were obtained with a combustor length of 
78 inches and a shroud length of 6 lnches. A t  the  lowest air flow, with 
ccmibustor pressures of about 700 pounds per  square  foot  absolute, a max- 
imum efficiency of about 93 percent was obtained. The efficiency in- 
creased  with  c&ustor  length, a typical  increase  being from 88 t o  95 
percent as the length increased from 60 t o  96 inches. The length of the 
shroud separating the bypass air from the  burning  stream  affected  not 
only the  efficiency  level,  but  also the fuel-air r a t i o  at which the max- 
imum efficiency  occurred. In general, a longer shroud caused the maximum 
efficiency t o  occur at lower fuel-air ra t ios .  Highest efficiencies 
usuaJJy resulted from the use of a fuel-injection system giving a uniform 
fuel   prof i le .  The efficiency at l o w  fuel-air  ratios could be considerably 
improved by the use of a radially nonunifom  f'uel  profile which concen- 
trated the   fue l  t o d  the outermost portfon of the  burning stream. 
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INTRODUCTION 

The performance of 8.n experimental 48-inch-diameter cambustor in a 
ram-jet enghe was investigated in a free-jet f ac i l i t y  at the MCA Lewis 
laboratory. T h i s  investigation was a pad. of EL cantinuing program aimed 
at determining cambustor configuratians and engine  geometries capable of 
delivering high perfonmace at canditians simulating those  exprienced 
by a long-range ram-jet-powered vehicle. 

The fixed-area  exhaust  nozzle wa6 sized to acccLIIpI1Qd&te a combustor 
operstiag  with 100 percent  efficiency at an over-all fuel-air r a t io  of 
0.034. The  combustor used was a modification of one previously  investi- 
gated in a direct-connect system (ref. 1) . It employed a l a r g e - v o l k  
annular pi lo t  Fn conjunction with evn array of sloping baffle- ar gutter- 
type  flameholders. In order t o  operate efficiently at Arel-air ra t ios  
considerably less than  stoichiometric, a divided-flow system was used in 
which a portfon of the engine air was bypassed around the cam33ustion 
region. This bypass air wB8 permitted t o  mix with the mln stream at a 
statim downstrean of the flame-holding elements. 

Combustor performance was  evaluated for  three c&us%or lengths, 
96, 78, and 60 inches,md four fuel-distribution systems. The point at 
which the by-paas a i r  was permitted t o  rejoin the main stream was also 
varied. The a b  flow through the engine was varied fram 40 t o  ll.0 pounds 
per second t o  give a range of combustor outlet pressures from 500to 
1800 pounds per square foot absolute. The range of f'uel-air ratios in- 
vestigated w-as between 0.025 and 0.055. "he upper limit was usually 
established by the  critical  pressure  recovery of the supersonic diffuser. 

The results of this Investi@tion are presented  both in tabular and 
in graphic form.  The canbustian  efficiencies given were calculated fram 
the effective  area of the h u t  nozzle, the mas6 flow of air through 
the engine, the   to ta l  pressure of the @s entering the eAmut nozzle, 
and the fuel flow. They represent the r a t io  of the fuel flow ideally 
required t o  give the observed t o t a l  pressure at the exPlaust nozzle t o  
the fuel f l o w  actual ly  wed. 
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Faci l i ty  

A 48-inch-diameter ram-jet  engine was tested i n  a free-jet f ac i l i t y .  
The s tar t ing and performance characteristics of the free-jet f a c i l i t y  
have been previously  reported (ref. 2 1 . A sketch of the emerimental 
configmatian is shown in figure 1. An asynanetrical supersonic diffuser, 
which was connected t o  the cabustor  by' a simple conical  section of 3oo 
--angle, had an outlet-velocity  profile which W&E circumferentidly 
nonuniform. To -rove the profile and t o  avoid flaw separatim, a half" 
screen w a s  Fnstdled Fn the high-velocity  rtion of the diffuser outlet. 
This screen comprised a square army of g i n c h  rods and blocked 20 per- 
cent of the (-) area. 

Canibustor 

w The combustor shell was constructed of three  cylindrical  sections 
42, 36, and 18 inches In length t o  permit variation of canbustor length. 
These sections, a.s well 88 the exhaust nozzle were water-cooled. The 

half-angle of the convergent section waa 25O; the half-angle of the di- 
vergent  section was lZo. A motor-operated clam-shell  (not shown) was 
attached to the exhaust nozzle t o   f a c i l i t a t e  the obtaining of cold-flow 
drag data. The cross  section of the canibustor is shorn in figure-1; a 
cutaway v l e w  is given by figure 2. 

- convergent-divergent exhaust nozzle had a 54.6 percent open area; the 

The flameholder  configuration W c h  r e s a l e d  one previously tested 
in a direct-connect system (ref.  15, was canposed of an snnular pi lo t  
connected t o  sloping V-gutter  flameholders. The cabustor  extended for- 
ward t o  the beginning of the 30° cone section, and divided the air into 
two parts. Frau '20 t o  30 percent of the air was routed around the cam- 
bustian  region and m s  separated from the burning  stream by a cylindrical 
shroud. The length of this shroud was varied during the investigation. 

Approximately 0.1 percent of the t o t a l  air flow was bled from the 
bypass air stream in to  the pilot annulus. Fuel for the  pilot  region 
was supplied by four evenly  spaced bars (figs . 1 and 2). Twin orifices 
in each b&r sprayed fuel Fn the circumferential  direction. 

Fuel was Injected normal t o  the main air  stream  by means of smle 
orifices in stxteen 1/2-inch-diameter radial tubes  equally  spaced circum- 
f erent ially, and supplied from a cnmmnn external masifold. Three such 
systems, d i f f e r b g  only in  s ize  and location of fuel orifices, were in- 

f i l e  effects.  The correspondlng  tubes from each fuel system were cam- 
bined into single fue l  bars. Figures 1 and 2 ahow a typical. fue l  bar 

m corporated in a single   instal la t ion  to  facilitate the study of fuel pro- 
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installed in the conhustor. The circumferential  lacations of fue l  bars, 
&S well &S the four  basic  fuel-distribution  profiles  investigated are 
shown in figure 3. 

The fue l  used throughout the  investigation waa Ma-5624-B, grade 
JP-5, with a heating value of 18,625 Btu per pound and a hydrogen-carbon 
r a t io  of 0.159. 

Ignition was achieved  through the use of two surface-discharge 
spark plugs located in the pi lo t  annulus. A separa,te power system of 
the condenser-diischarge type m s  used t o  supply each plug. 

Instrumentation 

The air flow through the engine was  determined from the  effective 
capture area of the  supersonic diffuser and the  total  pressure and tem- 
perature upstream of the  free-jet  nozzle. Cold-flow tests with a small 
exhaust nozzle were used t o  determine the effective  capture  area of the 
,diffuser.  Total  pressures were  measured i n  the engine at stations 3 and 
6 (see  fig. 1) . A t  station 3, the diffuser outlet, the 48 total-pressure 
tubes were located on six raid bars  and were spsced radially in eight 
equal a r e a s .  A t  station 6,  the ccPnbustor outlet,  the 33 tubes were lo-  
cated on four radial bars and spaced radially i n  eight equal areas with 
the odd tube being located in  the center of the   to ta l  area. These t&ee 
were all connected t o  mercury manometers, the wells of  which  were Fn turn 
connected t o  a maifold kept within 1/2 pound per eqpre foot of &solute 
zero by a vacuum pmp. 

The air  teqerature  enterlng the engine was masured by an 18-point 
thermocouple may located upstream of the  free-jet  nozzle.  Total tem- 
perature was assumed t o  be conserved through the diffuser. The temgera- 
ture of the gas near the wall at the  entrance t o  the exhaust nozzle was 
memured by four thermocouples lmated l$ inches fram the wall asd 
equally spaced about the circumference. 

me quantity of bypass air was determined from measurements of t o t a l  
and atatic  pressure in the bypas8 channel. 

E'uel-flow measurements were obtained fromthe pressure drop across 
sharp-edged o ru ices  . . These orifices were calibrated by ccmparison with 
standard rotameters.  Separate I J E R S W ~ ~ ~ ~ ~  of the fuel flowing t o  each of 
the r d n  fuel manifoliis was made by means of a positive displacement 
electronic flowmeter. 

"he flow of cooling  water t o  the engine was E t e r e d  through a flat- 
plate  orifice.  The temperature rise of the coolant determined from 
two thermocouples located upstream and downstream. 
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The mercury manmeters measuring pressures at stations 3 and 6, as 
well as nanometers connected t o  read s t a t i c  pressures at various points 

tures were recorded by a self-bdarncing  potentiometer. 
I within  the engine, were recorded  photogaphically. The various.tempera- 

I n  addition, the appearance of the unit in operation vas observed 
by means of a periscope  located downstream of the engine, which afforded 
a view of the ccanbustion region through the exhaust nozzle. 

Five  cambinstions of cozabustor and  shroud lengths were studied with 
various air-flaw rates and temperatures as shown in the following  table: 

Engine air flow, We, lb/sec 
A i r  temperature, Tqn, 9 

Ccpnbustor 
lengbh, length, 
Shroud 

LC, =E;, we = 40 Fn. 
96 70 
96 

X 6 78 
29 

in* Tin* 530 

60 
60 1 2 :  I x 

I I 

X I X X 

X 
X 

I 
I X  

X 

X 

X 

X 

X 

X 

X 

T U  we = = 400 "1 

A t  each condition, data were taken over a range of fuel-air ra t ios  
frcm about 0.025 t o  0.055, with the upper limit being dependent upon 
combustion efficiency. At 100 percent  canbustion  efficiency, a flrel-~ir 
ra t io  of less than 0.050 was suf f ic ien t   to  cause the diffuser t o  go sub- 
c r i t i ca l .  Limits  on the   fac i l i ty  prevented any data being taken with 
subcrit ical  airfuser operation. The approxhat& cordbustor-outlet  pres- 
sures associated with each air-flow  condition  are as follows: 

lb/sec I ?F 

outlet  total  pressure, 
'6 

lb/sq ft abs 

pressure at design  point 
(f/aid = 0.034) 
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The four fuel-distribution  profiles shown i n  figure 3 were used. Most 
of the dsta were taken with the more uniform prof i le  A.  I n  the   l a te r  
phases of the program, profiles C and D were used ln combination t o  pro- 
vide either a plane profile  equivalent to that of A or t o  give high fuel  
concentrations either In the center  or at the  outer edge of the burning 
stream. l!he amuunt of fuel. supplied to   the   p i lo t  waa varied from zero 
t o  a n l u e  giving an over-all f'uel-sir r a t i o  of 8 percent of stoichio- 
metric. Most of the data, however, were taken with a pilot fuel  flow 
g i v h g  2.5 percent of the stoichiometric fuel-air ratio. 

" 

No effor t  was made t o  control  the f l o w  rate of the bypass a i r .  The 
quantity varied throughout the tests, being a €'unction of both shroud 
length and of the fuel-atr r a t io  of the  engine. In general, the bypass 

' air was less than 20 percent of the total. air for cold f l o w ,  and increased 
with increasing flrel-air ratio ~p t o  &8 much BB 30 perCmt. 

Isition tests were conducted in the folloKLng manner. F i r s t ,  the 
pupersanic flaw through the free-jet was established. The a b  tempera- 
ture was then raised to the req&ed yslue, and the ma8s flow through 
the engine adjusted. Pi lot  and/or main fuel was turned On; h n  mafn 
fuel was used, a quantity giving an over-all fuel-air rat io of 0.035 was 
mst frequently emgloyed. T k  electr ic  spark was turned on and the re- 
sults noted. Whether the spark preceded o?? followed the introductian of 
the fuel wa6 found t o  be unfmportant. Data for the preignition engine 
pressures were obtained fromthe cold-flow tests,  whereb no f'uel was 
injected.. 

- 

The engine performance and ignition data obtained are summarized in 
tables I d II. The performance of the five cadxinations of  c&u.&or 
l a g t h  and 6hra~d length is presented in table I. Figures 4 to 9 present 
the same data in gmpblc form, Figure 4 shows the canibustian efficiency, 
cabustor-outlet t o t a l  pressure, inlet Mach number, and ccnribustor pressure 
r a t io  as functicms of ideal fuel-air r a t i o   f o r  an air-f low rate of 60 
pounds per second. Fuel profile A was used throughout. As can be seen 
by the efficiency curves, a decrease In cambustor length resulted in a 
decrease in efficiency  level without m y  c u e  in the shape of the ef - 
f iciency curve. The peak efficiency with fixed shroud length was de- 
creased frm 95 t o  88 percent when the ccuibustor length was reduced from 
96 t o  6Q Fnches. Variation i n  shroud length, on the other hand, resulted 
in a drast ic  change in the shape of the efficiency m e .  For the long 
shroud (70 Fn. ) the peak efficiency occurred at an ideal fuel-air   ra t io  
less than 0.028. For the 29-inch shroud, a very flat  peak ln the  region 
between 0.030 and 0.042 waa found. For the 6-inch shroud, the maximum w 
efficiency resulted. fram an ideal. fuel-air ratio of about 0.045 which 
corresmnds  closely t o  a fuel-air   ratio  ylelding a stoichiometric cure 
in the burning stream. Sirnilas results were obtained at an air f l o w  of c 
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80 pounds per second at inlet temperatures of 5%' and mo F, and an air  
flow of ILL0 pounds per second at an in l e t  temperature of 400' F. These 
results are presented in  figures 5 t o  7.  

The configuration yie1-g the highest peak efficiency was the 78- 
inch conibustor w i t h  the short 6-inch  shroud. No &ta were 0bta-d for  
the conhination of 96-inch combustor length and 6-inch shroud length, 
which might logically be expected to   exhibi t  a s0mewha;t better perform- 
ance than  those  investigated. For the range of conibustor pressures be- 
tween 9sO and 1800 puunds per squase foot absolute, little change in peak 
efficiency  level with pressure was apparent, as shown by figures 4 t o  7. 
For example, the 29-inch shroud i n  the 96-inch cdbustor  gave a peak 
efficiency of abaut 95 percent for c d u s t o r  pressures  within this range. 
The configuration  giving the highest  efficiency was also bvestigated a t  
an air flow of 40 pounds per second (conibustor outlet  total  pressures 
f r m  500 t o  700 psfa) . The perform8,nce of this configuration at three 
pressure  levels is presented in figure 8. At the two higher  pressure 
levels,  the peak efficiency of about 98 percent  occurred at an actual 

ficiency  again  occurred at an actual   fuel-air   ra t io  of about 0.045, but 
w&s reduced t o  about 93 percent. 

I mel-air r a t io  of about 0.045. A t  the low-pressure level,  the peak ef - 

- 
The effect of fuel profile on conbustion efficiency is shorn in fig- 

ure 9. Figures 9(a) and (b) represent data taken at an engine air flow 
of 60 pounds per second. The p e r f o m c e  of the conibustor with fue l  pro- 
f i l e  A is used as standard  with which t o  ccaqpare the performance Kith 
profiles B and C. Since t h e   c d u s t o r  and shroud lengths are not the 
sane for the two sets of curves,  they should not be c a p r e d  direct-. 
Fuel profi le  B yielded a lower efficiency at a l l  fue l  flows than did 
profile A. Profile C, on the other hand,  gave a considerable  increase 
in caibustion  efficiency at the lower fuel-air   ratlos,  and decreased a t  
the higher. The same general  relation between prof i le  A and C is seen 
in figure  9(c)  for an air flow of 40 pounds per second. A t  an actual 
fuel-air   ra t io  of 0.035, the  effect  of roportionbg  the  fuel between 
profiles C and D is shown by figure 9(d P . when the fuel flow is divided 
equally between C and D, a profile  equivalent  to  profile A should result. 
The efficiency f e l l  off as the amount of fue l   to   p rof i le  D was increased. 

The total-pressure  ratio across the caibustor  varied l i t t le  between 
the f ive  ccanbhations of c&ustor and shroud length, and ranged fmm 
0.83 to 0.89 with variation in  fuel-air   ratio.  A t  the design point, the 
total-pressure  ratio was about 0.86. 

As shown by table II, electric  i- i t ion of the engine was successfd 
over a wide range of operating  conditions.  Static  pressures in the p i lo t  
azlzlulus w e r e  as low as 260 pounds per square foot  absolute immediately 
prior  to  ignit ion.  The two instances i n  which ignition was not  obtained 
were a t  the two lowest pressures. V i s u a l  observation  through the peri-  

these tests; thereupon, the p i lo t  fuel was turned  off  and  successful 
s t a r t s  at  similar conditions were immediately obtained. 

w scope indicated that the p i lo t   fue l  might be quenching the spark for  
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The distribution of statfc  pressures in the main air stream in the 
region upstream of the  pilot  is shown for  a typical  starting  condition 
on figure 10. The flow seems t o  be stzpersonic in the upstream  region, 
a t ransi t ion  to  subsonic  occurring  before the s l o t s  admitting air t o  the 
pi lo t  are reached. 

The performance of the experimental 48-inch-dim~ter ram-jet cm- 
bustor  tested in a free-jet f a c i l i t y  was a8 follows: 

The highest combustion efficiencies were obtalned with a 78-inch 
combustor and a 6-inch bypaes air Shroud, These efficiencies occurred 
at e fuel-air r a t io  of about 0.045, which yields e stoichiometric mix- 
ture  in the  burning stream. A t  the lowest combustor pressure, about 700 
pounds per square  foot  absolute,  efficfencies of about 93 percent were 
attained. The conbustion efficiency  increased  with conibustor length, a 
typical  increase  being fram 88 t o  95 percent as the  length  increased frm 
60 t o  96 inches. The length of the shroud separating bypass air from 
the main stream  affected  not only the maxinnun efficiency,  but a l s o  the 
fuel-air r a t i o  at which the ~~lexinnun efficiency occurred. In general, a 
longer shroud caused the efficiency peals t o  o c c u   a t  lower fuel-air 
ra t ios  . 

- 

The higheet  efficiencies were  obtained wLth a fuel-injection syatem 
giving the more uniform fuel profile, while efficiency galns could be 
obtahed at low fuel-air   ratios by using a radially nonuniform fuel  
prof  Fle . 

The totabpressure  ratio  across  the conibustor ranged frm 0.83 t o  
0.89 with  variation in fuel-air ra t io ,  being about 0.86 at the  design 
point. 

An electr ic  spark i@.tion system prorLded satisfactory ignition at 
all air-flow conditions tested. The s t a t i c  pressures in  the  ignition 
region were as low as 260 pound6 per square foot  absolute immediately 
prior  to  iguit ion.  The separate fuel sqpply to   the   p i lo t  vas not found 
t o  aid ignition; a~ a t  least one occasion ignition W&S poseible OW with 
the pi lot  fuel turned off. 

Lewis Flight Propulsion  Laboratory 
National Advisory C a m m i t t e e  for Aeronautics 

Cleveland, Ohio, November 16, 1954 

a 
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APPENDIX 

8- AND C ~ U L A T I O N S  

The following smol s  are used in this report: 

f k c t  actual fue l -a i r   ra t io  in  engine, ( lb fuel)(sec)/(lb  air)(sec) 

f/aid ideal fuel-air ra t io   ( fuel-air   ra t io  necessary t o  cause  observed 
engine-outlet total   pressure and observed heat loss} 

LC length of conbustor (cylindrical  section only) ,  in. 
LS length of shroud, in. 
Mln 

p3 total pressure a t  engine s ta t ion 3 (diffuser  outlet), psfa 

Mach nunher at engine inlet, based on inlet   to ta l   pressure and 
tqerature ,  and maximum (48". } diameter . 

' 6  total   pressure at engine statim 6 (engine outlet}, psfa 

*P 

liR 

Tx 

wb 
we air  flow  through engine, lb/sec 

static  pressure in pi lo t  annulus, psfa 

t o t a l  teMp=ratazre at engine inlet, assumed t o  be same as at 
w e t  to free-jet  nozzle, 9 

indicated temperature at exhaust-nozzle inlet, % in. from 1 
wall of engine, OF 

r a t i o  of air flaw through bypass t o  t o t a l  flaw through  engine 

q C  cosibustion efficiency,  percent 

Ccaribustion efficiency as used herein is defined  as  ratio of fue l  
ideally required t o  give observed exhaust pressure and heat rejection 

t o  that actually supplied t o  engine, o r  qc = 
f b i a  

K' 
F r m  tables of theoretical  temperature rise for  carbustion as a 

f'unction of fuel-air   ra t io  and initial temperatme, charts were prepared 
showing ideal fuel-air  ratio as a function of engine-Wet ttxprature, 
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air-flow rate, and engbe-outlet  total  pressure. I n  preparing  these 
charts an exhaust-nozzle  discharge coefficient of 0.99 w&6 assumed, 
which resul ts  i n  an effective area of 54.1percen-t. ‘This value for the 
flow coefficient was obtained frm reference 3 for  a s-r nozzle. To 
the ideal f’uel-air r a t i o  necessary t o  account for the  engine-outlet  total 
pressure, a s m a l l  correction W&B added t o  supply the heat that was added 
to the  cooling water. - , m a k i n g  this correction, it was assumed that 
the  heat added t o  the  cooling  water  during  cold-flow tests came i n  
equal  parts from the  inside and from the outside of the engine. Thus 
the total 8.umm.t of  heat added to  the  coolant  during burning tests was 
reduced by one-half the amount added in  cold-flow tests before making 
the heat-loss correction. 
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(b) Fuel profilea 'A1 and IC*. Combustor  length, 78 inches;  ehroud  length, 
6 inches; air f low,  bo pounds per secord; air temperature, 53OoF. 

Figure 9. Performance of experimental combustor  with varying fuel profiles. 
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Ideal fuel-sir ratio 
(c) Fuel profiles 'Af and ' C f .  Combustor length, 78 inches; shroud length, 

6 inches; air f l o w ,  40 pounds pbr second; air temperature, 5300F. 

Fuel proportioning 
(d) he1  proportioned between profile8 'C '  and ID'. Combustor length, 

78 inches; shroud length, 6 inches; air f h ,  40 pounde per second; 
actual fuel-air  ratio, 0.035; air  temperature, 530OF. 

Figure 9. - Concluded. Performance of experimental combustor uith varylns fuel pmfiles. - 
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